In addition, we found rather unexpectedly an increased frequency of the variant alleles in patients who had not suffered severe infections.
Introduction
Haemoglobin S (Hb S) is the result of a single mutation in the -globin gene, but sickle cell disease (SCD) is the result of many genes. The extreme variability in the severity of the disease has always been a puzzle for clinicians. 1, 2 Genetically-determined alleviating factors have been identified, such as the coinheritance of α-thalassaemia 3 and the persistence of high levels of foetal haemoglobin (Hb F). 4 Genetic determinants involved in high Hb F production are either linked to the -globin gene locus on chromosome 11, 5 or unrelated, such as the X-linked FCP locus 6 and a locus on chromosome 6. 7 Thus various genes in the patient's genetic background contribute to the phenotypic variation of the disease.
Children with SCD have an increased susceptibility to infection with encapsulated organisms despite penicillin prophylaxis and/or vaccination. Meningitis, septicaemia, and osteomyelitis are a significant cause of morbidity and mortality. 1, 2 Genetic influence on susceptibility to infections is an exciting emerging field of investigation. 8 Here we investigated the potential relationship between polymorphism in the mannose-binding protein (MBP) gene and infectious episodes in SCD children.
MBP is a serum lectin that participates in the nonspecific innate immune defence. It is encoded by the HSMBP1B gene on chromosome 10. 9, 10 Three point mutations in exon 1 of this gene have been identified which result in the production of structural MBP variants (G57E, G54D and R52C). [11] [12] [13] Production of these variants exerts a dominant effect on MBP serum concentration. Polymorphisms in the HSMBP1B promoter have also been described which define four haplotypes (HY, HX, LY, LX), and these haplotypes have been related to various levels of HSMBP1B expression.
14 Thus, deficient genotypes at the HSMBP locus fall into two classes. First, heterozygote and homozygote genotypes including the classical structural variants are associated with a serum MBP level lower than 500 µg/ml. Second, similarly low serum MBP levels are observed in homozygotes for the LX haplotype in the promoter. Individuals with other haplotype combinations exhibit mean serum MBP levels varying from 1000 to 2300 µg/ml.
14 Low serum MBP has been associated with an increased susceptibility to recurrent infections. [15] [16] [17] [18] Indeed, it may constitute a particular transient risk factor early in infancy because of the maturational lag in the infant's antibody system.
Here we report the distribution of the known variant alleles at the HSMBP1 locus in 242 SCD children living in Paris and we describe three novel variant alleles. Rather unexpectedly, we find an increased frequency of the variant alleles in SCD children who had not suffered from severe infections.
Material and Methods

Patients
After the informed consent of the parents had been obtained, 242 children with SCD were included in the study. Ages ranged from 36 months to 18 years (mean age 10.1 ± 5.8); 55% were male (n = 133) and 45% female (n = 109). Origin of the parents was documented in most of the cases and was as follows: Western Africa (71 children, 29.3%), North Equatorial Central Africa (46 children, 19.0%), South Equatorial Central Africa (50 children, 20.6%), and French West Indies (64 children, 26.4%); 76% of the children were born in France. Diagnosis of SCD and haemoglobin genotypes were established by standard procedures and family studies. 6 Two hundred and fifteen patients were SS homozygotes and 27 were SC compound heterozyotes. All patients were regularly attending four participating specialised centres in Paris (Hôpital Robert Debré, Hôpital Necker-Enfants Malades, Hôpital Tenon, and Hôpital Armand Trousseau). Medical records were available for at least the past 3 years. Biological data included regular haematology follow-ups, Hb F levels, -globin gene haplotypes, and α-globin gene status. All the patients under 10 were treated with oral penicillin and immunised against Streptococcus pneumoniae and Haemophilus influenzae type b.
Genotyping by Denaturing Gradient Gel Electrophoresis (DGGE) and PCR Restriction Fragment Length Polymorphism (PCR-RFLP)
HSMBP1B exon 1 was amplified by the polymerase chain reaction (PCR). PCR products were first screened for sequence variations by means of DGGE. 19 Abnormal profiles were then analysed by PCR-RFLP and when necessary by DNA sequencing. To test for the known G54D and G57E mutations, PCR products were digested with BanI and MboII (New England Biolabs, Beverly, MA, USA), respectively. 20 The newly described variants were tested as follows. The IVS-I-5 (G→A) transition produces an NlaIII restriction site, whereas the other two novel S39N and S40A mutations abolish an AluI site and create a MaeIII and a HaeII site, respectively. PCR products were thus digested with these enzymes (New England Biolabs). In all cases, digestion fragments were separated by electrophoresis through a nondenaturing 6% polyacrylamide gel. Gels were examined under UV transillumination after staining with ethidium bromide (0.5 µg/ml) for 15 min.
Promoter Genotyping by Allele Specific PCR
Allele-specific PCR was used to determine the HSMBP1 promoter haplotype. The primers were those described by Sullivan et al 21 and the annealing temperature was 63.5°C. The four combinations of the two forward and the two reverse primers allow the identification of the four LY, LX, HY, and HX haplotypes.
DNA Sequencing
PCR products were sequenced by the dideoxynucleotide method using the Drhodamine Terminator Cycle Sequencing Kit (Perkin Elmer, Foster City, USA). Sequence reactions were resolved on an ABI PRISM 373 automatic sequencer (Perkin Elmer).
Statistical Analysis
Phenotypic or allelic differences between groups were evaluated by 2 test.
Results
Distribution of MBP Variant Alleles in the Studied Population
HSMBP1 exon 1 and its flanking sequences have been analysed by PCR and DGGE in the 242 SCD children.
Eleven abnormal patterns were observed ( Figure 1 ) and the corresponding PCR fragments were sequenced. Five patterns corresponded to different combinations between the normal allele and the three variant alleles previously described R52C (C→T); G54D (G→A) and G57E (G→A) (Figure 2 ). The two single-nucleotide polymorphisms at positions -550 and -221 in the HSMBP1 promoter which define the LY, LX, HY, and HX haplotypes ( Figure 2 ) were studied by allelespecific PCR (results not shown). Analysis of linkage between the structural variant and the promoter haplotype indicates that G57E is found mostly on LY chromosomes (LY-G57E = 97%), but also on HY and LX chromosomes (HY-G57E = 2% and LX-G57E = 1%). G54D was found exclusively on LY chromosomes (LY-G54D), and the single R52C chromosome in our series was LX (LX-R52C). Allele frequencies in the total population studied are shown in Table 1 . The population was also divided into five groups according to their geographic origin: Western Africa, North Equatorial Central Africa, South Equatorial Africa, French West Indies, and unknown/mixed origin. The major G57E structural allele seems to be more prevalent in Western than in Central Africa. On the other hand, the LX promoter haplotype which has been linked to low serum MBP may be more prevalent in Central Africa.
Description of Three Novel MBP Variant Alleles
The other six variations in the DGGE patterns corresponded to genotypic combinations involving three novel variant alleles. One is a G→A transition at position 5 in the first intron (IVS-I-5) and two are located in the coding sequence. The first is a G→A transition at nt 2 of codon 39 and the second a T→G transition at nt 1 of codon 40; both are missense mutations that correspond to Serine→Asparagine (S39N) and to Serine→Alanine (S40A) replacements, respectively, at the protein level (Figure 2) . The IVS-I-5 mutation creates a NlaIII site, whereas the S39N and S40A mutations abolish an AluI site and create a MaeIII site and a HaeII site, respectively. This was used to confirm the data from the sequence analysis by PCR-RFLP (results not shown). Frequencies of these novel alleles in the studied population are shown in Table 1 . The IVS-I-5 and S39N variations were found on LY chromosomes (LY-IVS-I-5 and LY-S39N) and the S40A allele on an LX chromosome (LX-S40A). At present the phenotypic consequences of these new alleles are not known.
MBP Variant Alleles and Infections
Distribution of the various MBP genotypes in our population of SCD patients is shown in Table 2 . There was a single LX/LX homozygote whose actual genotype was LX-wild/LX-G57E. Altogether, genotypes classically associated with low serum MBP are found in 52% of the patients.
To study the relationship between the MBP variant alleles and infections, only the children with homozygous SCD (SS patients) were considered in order to avoid potential bias from different globin genotypes. In this series of 215 SS children, frequencies of the various Table 1 for the overall population of 242 SCD patients. However, the single carrier for the LX-R52C allele was no longer included as he was an SC compound heterozygote. Similarly, the frequency of genotypes associated with low serum MBP was not different in this subset of patients (50 vs 52%). Mean age of the children in the group with low serum MBP genotypes was not different from that of the group with the other genotypes (10.2 ± 6.0 vs 10.0 ± 6.0). Fortythree children (20%) had a history of severe infections defined as meningitis, septicaemia, or osteomyelitis. At the time of the study, the age distribution of the two groups of children was not different. However, the risk of infection was related to age, as infectious events had occurred before the age of 5 years in 65% of the cases (28/43).
When frequencies of the various MBP alleles are compared between the two groups of children with (n = 43) and without (n = 172) infection, an almost two-fold enrichment of the G57E and G54D alleles is observed in the latter group (31.1% vs 16.7%, P = 0.01). Frequency of the LX-wild allele did not differ in the two groups, nor did the frequency of the newly described alleles of uncertain pathophysiological consequences.
When the comparison between infected vs non infected children is made at the genotype level, similar results are obtained (Table 3) . When all the MBP variant alleles observed in the study are taken into account, the respective frequencies of abnormal genotypes are 34.9% in the infected children vs 55.2% in the children with no infections (P = 0.02) ( Table 3 , column 2). When the carriers of the IVS-I-5, S39N, and S40A alleles are left out of the comparison because of their uncertain functional significance, the respective frequencies of deficient genotypes become 31.7% vs 53.0% (P = 0.01) ( Table 3 , column 3). Finally, the same level of significance in the difference between the two groups (P = 0.02) is observed when all the subjects are taken into account and the newly described alleles are considered neutral (Table 3 , column 4).
Figure 2 Schematic representation of the HSMBP1B 5' region. The location of the two single nucleotide polymorphisms in the promoter is shown, as well as that of the various structural variants in exon 1 and of the IVS1 variant described in this study. Specific linkage of the promoter polymorphisms that define the four HY, HX, LY, and LX haplotypes are given, independently from the sequence variations in exon 1.
Discussion
We have analysed the distribution of HSMBP1B variant alleles in a series of 242 SCD children living in France. Except for those originating from the French West Indies, the genetic background of the children is fairly homogeneous and representative of their ethnic origin in Africa. 6 Indeed, most are children of unmixed first generation immigrants to France. This is best illustrated by the fact that 67% of these children are homozygotes for a given s -globin haplotype even though the relative allelic representation of the Benin, Bantu (CAR), and Senegal haplotypes among the overall population was 1:1:0.7, ie a clear bias in a Hardy-Weinberg distribution (results not shown). This is in contrast to the distribution of the s -globin haplotype observed in our patients from the West Indies and in a series from Jamaica 1, 22 or North America 23 which clearly indicates the genetic admixture of these populations. Thus our data can be reasonably interpreted in epidemiological terms concerning the distribution of MBP variants in African populations. They confirm to a great extent previous studies 24 in showing an overall frequency of the structural variants of roughly 31% in Africa, as compared with 20% in the Caucasian population.
24 G57E, the most common variant in African populations (here 26.4%), might be slightly more prevalent in Western Africa with a frequency of 32.6%. Similarly, Bellamy et al found a frequency of 30.0% in a series of 2000 individuals in Gambia. 25 In respect of the promoter Table 2 Distribution of the HSMBP1B genotypes in the studied population. Of the patients studied 52% had genotypes known to be linked to a low MBP production (in bold). 
Allele 2 HY-LY-LX-LY-G57E LY-G54D LX-R52C
Allele 1 reads vertically and allele 2 horizontally. The number of individuals for a given two-allele combination (genotype) appears at the intersection of a line and column. Since a given genotype may be found at two intersections, the number of patients with this genotype may appear twice. In such cases, the number of patients is in italics at the second intersection. w/w is homozygous wildtype; there was no LX-w/LX-w in our series of patients b w/V + is heterozygosity for any of the variants found in our study (G57E, G54D, R52C, S40A, S39N, and IVS-I-5), V + /V + ′ is compound heterozygosity for two different variants c w/V is heterozygosity for G57E or G54D; carriers of the newly described variants have been left out from the comparison d w + /V is heterozygosity for G57E or G54D; all the subjects have been included in the comparison; the newly described variant alleles are considered neutral, thus w + is wild-type (w) or any of the newly described alleles P = statistical significance MBP gene polymorphism and sickle cell disease M-G Neonato et al t haplotype, we find a 10% overall frequency of LX chromosomes. In comparison, Madsen et al reported a frequency of 24% in a series of 61 adults from Kenya. 14 Our data show an increasing gradient in the LX haplotype frequency from West to Central Africa, thus this apparent discrepancy might reflect the extension of this gradient to East Africa. The frequency of the LX haplotype was 23% in a series of 120 Caucasoids. 14 Here we describe three novel variant alleles at the HSMBP1B locus. Two variants are structural alleles that result in amino acid substitutions at the protein level. However, unlike 'classic' structural variants, they do not lie in the collagenous domain of the molecule which is thought to be involved in its supramolecular assembly. Thus they might very well correspond to neutral proteic polymorphisms. The third mutation is in the IVS-I splicing donor site. Exactly the same mutation in the -globin gene results in impaired splicing and + -thalassaemia. 26 In addition, the IVS-I-5 mutation is linked to the LY configuration of the promoter which has been shown to indicate a slightly reduced MBP expression in comparison with the HY configuration. Thus the additional effects of these two polymorphisms on the same chromosome might well result in a deficient allele. Definitive demonstration of this potential effect will require mRNA and protein analysis.
Infectious diseases have been a major selective force in human evolution. 27, 28 Genetic susceptibility or resistance to various infections have greatly influenced the selection of several major genetic diseases. In African populations, the selective advantage of Hb S carriers against the severe complications of Plasmodium falciparum infection has favoured the s -gene. 29 In Caucasian populations, resistance to cholera and other dehydrating intestinal diseases is thought to be the selective advantage that has favoured the emergence of mutations in the CFTR gene causing cystic fibrosis. 30 Genetic variability to malaria also involves proteins of the immune system, including HLA antigens and a variety of cytokines or other molecules that regulate the response to infection. 28, 31 Ezekowitz identifies the genetic heterogeneity of MBP as the 'Jekyll and Hyde' of innate immunity. 32 Indeed, on the one hand, several studies in children and adults indicate that the structural MBP variants predispose to severe infections, 11, [15] [16] [17] [18] whereas on the other their high frequency in Africa suggests that low serum MBP cannot be exclusively disadvantageous, but that there is a positive selection in favour of low-producing variants.
14 Selection mechanisms may work in 'wondrous ways'. For instance, selection of α-thalassaemia genes by malaria has been shown to result from an increased susceptibility to uncomplicated infection with Plasmodium vivax early in life which, by hastening acquisition of immunity, leads subsequently to protection against lethal infections with P. falciparum. 33, 34 However, no selective advantage of the low MBP producing variants yet has been clearly demonstrated in African populations. In extensive studies of malaria, HBV persistence, and tuberculosis in Gambia, no evidence was found to link MBP variants either to resistance or susceptibility to infection. 25 Similar results were reported in a study concerning HIV infection in Uganda (Ali S, Witworth J, Hill AVS, unpublished data, cited by Hill 8 ) but increased susceptibility to infection and shorter survival time after infection was linked to low-producing variants in the Danish population. 16 Only one previous report deals with genetic factors that could constitute an additional risk of infection in SCD. Because of its role in the clearance of encapsulated organisms, Norris et al studied the Fc receptor genotype in 60 SCD children having suffered from infectious episodes. 35 Whereas the H/H 131 genotype is under-represented in normal individuals with recurrent respiratory tract infections, it was over-represented in SCD children with infection, but only for children infected with H. influenzae. Here, we observed an association between low-producing MBP genotypes and the absence of infection in SCD children. None of the children in our series was infected with H. influenzae, the most prevalent organisms being S. pneumoniae, Salmonella sp, and S. aureus. SCD is influenced by many factors that might obscure this type of analysis. But our groups of patients (with/without infections and carriers/non carriers of MBP variants) were indistinguishable one from another in age, gender, total Hb and Hb F levels, α-globin gene number, s -gene haplotype, environment and health care. Thus, in contrast to the increased susceptibility to infection of MBP variant carriers reported in normal children, 11, 17, 18 our results could suggest a protective role of MBP mutations in children with SCD. However, our SCD children (and most of Norris' children 35 ) were given penicillin prophylaxis and immunisation against S. pneumoniae and H. influenzae. Thus circumstances are very different and results obtained for SCD children cannot be directly compared with those obtained for normal children. The possible role of superimposed genetic predisposition to infection in SCD is important to assess definitively, as knowledge of it might lead to MBP gene polymorphism and sickle cell disease t very practical procedures to prevent one of the major complications of SCD.
